We report efficient amplification of weak femtosecond supercontinuum pulses by a stimulated Raman scattering process in pressurized H 2 gas excited with 350-fs-duration frequency-doubled pulses from a regenerativeamplified Ti:sapphire laser. An amplification factor of 10 9 is obtained at the wavelength of 465 nm for seed pulses produced by supercontinuum generation in glass. © 1996 Optical Society of America Stimulated Raman scattering (SRS) is a well-known method for frequency conversion of laser radiation, including femtosecond laser pulses.
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However, because the SRS process starts from f luctuations of quantum noise 7 it is usually a difficult task to optimize simultaneously the energy conversion eff iciency, the spatial beam quality, and the stability of the output Stokes f ield. By using stimulated Raman amplification (SRA) of a seed signal, one can reduce the pumping threshold and considerably improve the parameters of the output beam. 8 -16 There have been numerous investigations of SRA in the quasisteady-state regime in which nanosecond and subnanosecond excitation pulses were used. 8 -12 Recently, experiments on SRA with picosecond excitation pulses were performed, 13 -16 and it was shown that it is also useful to apply seeding to improve the parameters of the Stokes-shifted radiation in a transient regime.
Previous studies of femtosecond SRS have revealed several differences from SRS excited in the picosecond and nanosecond pulse regimes. It was observed that phenomena such as self-phase modulation and selffocusing can lower the eff iciency of SRS. 3 Because the pulse duration is much shorter than the dephasing time of the Raman polarizability, more pump energy is needed to reach the threshold of SRS. 1, 5 In addition, because of the broad spectral width of the femtosecond pulses, group-velocity mismatch can reduce the effective interaction length of the pump and the Stokes pulses. 6 Until now, the inf luence of these processes in seeded SRS has not been considered to our knowledge.
In this Letter we report on an experiment in which we study, for the f irst time to our knowledge, SRA on the femtosecond time scale. We show that eff icient amplif ication of ultrashort signals is possible in a H 2 gas excited by frequency-doubled regenerativeamplified femtosecond Ti:sapphire laser pulses. We investigate, for the first time to our knowledge, SRA seeded with femtosecond supercontinuum pulses and demonstrate the use of SRA for time-resolved measurement of weak ultrafast signals.
A schematic of our experimental setup is shown in Fig. 1 . The femtosecond laser source is a commercial 1-kHz repetition-rate Ti:sapphire regenerative-amplified laser system (CPA-1, Clark MXR). The duration of the output pulses at the fundamental wavelength of 780 nm is 200 fs, and the energy is 0.75 mJ͞pulse. After the frequency is doubled in a 2.5-mm-thick KDP crystal we obtain 350-fs-duration pulses with 0.3-mJ energy at the 390-nm wavelength. The Raman amplifier consists of a stainless-steel 1-m-long cell filled with H 2 at pressure P of 45 bars. Under these conditions the dephasing time for the vibrational motion of H 2 molecules is T 2 140 ps. 17 We note that this relaxation time is much longer than the duration of the excitation pulses, which corresponds to a transient regime of the stimulated Raman process.
To produce a supercontinuum, we split off a small part of the fundamental beam and focus it on a glass plate. 18 The blue part of the supercontinuum radiation is collimated with a second lens and focused together with the 390-nm pump beam in the SRA cell by a 1-m focal-length lens (L3). Another 1-m focallength lens (L4) collimates the radiation at the output of the cell. The delay between the pump and the seed pulses is controlled by an optical delay line. The duration of the seed pulses is 200 fs. To measure simultaneously the energy, the spectrum, and the duration of the pulses, we divide the beam at the output of the SRA cell among a power-energy meter, a grating monochromator, and an autocorrelator.
The first step of the experiment is to measure the dependence of the energy of the first Stokes component at the wavelength l 465 nm on the energy of the pump pulses at a fixed seed pulse energy. The energy of the seed after the interference filter was ϳ10 26 mJ (l 465 nm, Dl 10 nm). The delay between the seed and the pump pulses was optimized for maximum SRA signal intensity. Figure 2 shows the measured Stokes pulse energy at the output versus the pump pulse energy at the input of the cell. Efficient amplification of the seed signal starts at a pump energy of ϳ 15 mJ. At pump energy greater than 25 mJ the Raman signal intensity shows progressively less dependence on the presence of the seed, and at greater than 40 mJ a saturation of the energy of the f irst Stokes component is observed. The amplif ication factor K, defined as the ratio of the outgoing and the incoming pulse energies at the f irst Stokes wavelength, measured at the maximum pump energy of 100 mJ, is approximately 2 3 10 7 . Figure 2 also presents the Stokes pulse energy measured under the same pumping conditions but without the seed, which corresponds to conventional SRS. The SRS process shows a higher pumping threshold of 30 mJ and a lower maximum conversion efficiency to the first Stokes of ϳ8%, compared with the 18% efficiency obtained with SRA. Figure 3 shows the spectrum of the first Stokes component obtained with and without the seed at a pump pulse energy of 90 mJ, well above the SRS threshold. Under these conditions the seeding increases not only the Stokes signal's peak intensity but also its spectral width. Comparing this result with the transmission function of the interference filter, we conclude that the observed spectral broadening is due to the high Raman gain that amplif ies the spectral wings of the seed pulse.
The advantage of using the seed lies in the reduction of the threshold and in the increase of the maximum conversion eff iciency by approximately a factor of 2. In addition, the seeded Raman process yields an improved pulse-to-pulse energy stability and a better spatial beam quality than conventional SRS in the same configuration.
Our next concern is to investigate in more detail the behavior of the SRA as a function of the seed pulse parameters. For this we insert into the seed beam a Fabry-Perotétalon that comprises two parallel mirrors with R 50% at a distance of d 430 mm from each other. This arrangement transforms each seed pulse into a train of 200-fs-duration pulses with a time interval of 2.9 ps. The f irst seed pulse in the train has an energy of 10 26 mJ. The energy of each subsequent pulse is smaller by a factor of 4. Figure 4 shows the intensity of the first Stokes component seeded by different pulses in the train, which we measure by simply varying the time delay between the pump and the seed beam. We observe that the f irst and the second amplified pulses have an almost equal peak intensity. Because the seed pulses at the input of the Raman cell differ in energy by a factor of 4, the SRA process is close to saturation. On the other hand, for the seed pulses with lower energy, the amplif ication appears to be linear as the relative intensity of the SRA signal peaks approaches the expected ratio of 1 : 4. From these data we estimate the effective seed pulse saturation energy to be ϳ10 28 mJ. From the measured dependence of SRA signal intensity on the delay we can, in principle, obtain information about the temporal shape of the seed pulses. For seed pulse energy below the saturation limit the SRA trace corresponds to the cross-correlation function between the pump pulse and the seed pulse. At optimum pump pulse energy of 90 mJ the Raman amplification factor is K 10 9 , which allows us to detect seed pulses as low as 10 210 mJ, corresponding to ϳ1000 photons͞pulse. This shows that the SRA can actually be used to characterize the duration and the Fig. 2 . Dependence of the energy of the first Stokes component (S1) on the energy of the pump pulses. Filled circles, S1 without seed; open circles, S1 with seed. The seed pulse energy is 10 26 mJ. shape of very weak femtosecond signals. At pulse energy greater than the saturation level, deviations from the shape of the actual cross-correlation function occur, as can be seen from the broadening of the SRA traces corresponding to more intensive seed pulses in Fig. 4 . Figure 5 presents the temporal prof ile of the SRA pulse at two different seed pulse energies. We perform the autocorrelation of the SRA pulse by use of the usual frequency-doubling technique in a 1-mm-thick b-barium borate crystal. The saturation of the SRA is manifested as a temporal broadening of the Raman pulse from 200 to 600 fs as the energy of the seed pulses increases from 10 29 to 10 26 mJ. At high pump energy of more than 90 mJ and with maximum seed energy of ϳ10 26 mJ we observe, besides the first Stokes component, the generation of other Raman components, ranging from the second antiStokes ͑l 294 nm͒ to the third Stokes ͑l 759 nm͒, all accompanied by satellite rotational components. The quality of these higher Stokes components is also improved by supercontinuum seed pulses. However, it should be noted that the seeding has to occur at the wavelength of the first Stokes component, rather than at any other Stokes or anti-Stokes wavelength. We study this aspect by placing different bandpass interference f ilters ͑Dl 10 nm͒ in the seed beam. When the f ilter is chosen such that the seed wavelength is centered at any other Raman wavelength, no SRA is observed. This can be explained by the fact that the generation of higher Stokes components is a multistage process that depends critically on the existence of the first Stokes component.
In conclusion, our results show that SRA seeded with supercontinuum pulses is a practicable method to widen the wavelength range of regenerative-amplif ied femtosecond Ti : sapphire lasers. SRA results in a better pulse-to-pulse stability and improved spatial beam structure of the frequency-shifted radiation not only of the first Stokes component but also for other Stokes and anti-Stokes wavelengths. Because of the high amplification factor of as much as 10 9 the stimulated Raman technique can be used to measure the time profile of low-energy ultrashort signals down to 10 216 J. In addition, a supercontinuum appears to be a convenient source of seed pulses, especially in comparison with other methods such as using a second SRS gas cell. 
